Coherence of a near diffraction limited undulator synchrotron radiation source  by Thomas, Cyrille et al.
Optics Communications 359 (2016) 171–176Contents lists available at ScienceDirectOptics Communicationshttp://d
0030-40
n Corr
E-mjournal homepage: www.elsevier.com/locate/optcomCoherence of a near diffraction limited undulator synchrotron
radiation source
Cyrille Thomas a,n, Pavel Dudin b, Moritz Hoesch b
a European Spallation Source, Lund, Sweden
b Diamond Light Source, Oxfordshire, UKa r t i c l e i n f o
Article history:
Received 9 January 2015
Received in revised form
6 September 2015
Accepted 13 September 2015
Available online 29 September 2015
Keywords:
X-ray optics
Coherence and statistical opticsx.doi.org/10.1016/j.optcom.2015.09.045
18/& 2015 The Authors. Published by Elsevie
esponding author.
ail address: cyrille.thomas@esss.se (C. Thomasa b s t r a c t
We present experimental measurements of the coherence of an undulator synchrotron radiation source
near to the diffraction limit condition. These measurements have been done following two objectives.
The ﬁrst one is to verify a fundamental point of the theory of synchrotron radiation. To our knowledge,
since it has been re-written by Geloni et al. [1], no experimental veriﬁcation to validate the theory has
been performed. Our measurement proves the theory to be valid for the case of a near diffraction limited
undulator source. The other objective is to measure the coherence of the synchrotron radiation on the I05
beamline of Diamond, in front of the last focusing element of the beamline. This knowledge can be used
to predict the focusing performance of the beamline by means of Fourier Optics.
& 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Third generation synchrotron light sources are now evolving
towards storage rings with emittances ranging from
10, 500 pm radϵ = [ ] . For instance, emittance of the MAX IV syn-
chrotron light source [2], soon to be commissioned, will be
240 pm rad. Similarly, a proposed project on the decommissioned
PEP presents a 12 pm rad emittance [3]. Many other projects,
planned or proposed, either using an existing facility or building a
new one, are proposing new lattices based on multi-bend achro-
mats with the purpose of having an ultra small emittance. The
undulator Synchrotron Radiation (SR) will be at the diffraction
limit for wavelengths satisfying /2 a ¢λ π( ) ̂ª ϵ [4]. So the smaller the
emittance, the smaller the undulator SR wavelength at which the
diffraction limited is reached. In this paper, important results on
the coherence properties of undulator SR are stated. To our
knowledge, these properties of undulator SR for third generation
light source operating near or at the diffraction limit have not been
experimentally veriﬁed; in particular, the non-applicability of the
van Cittert Zernike (VCZ) theorem [5] for the case of a source at the
diffraction limit. We will verify experimentally that this is effec-
tively the case: for a source at near diffraction limit, the VCZ is not
applicable. In this paper, we present measurement of the trans-
verse coherence of an undulator SR source at near the diffractionr B.V. This is an open access article
).limit, by means of a Young interferometer [6,7]. The undulator is a
quasi-harmonic 5 m long Helical undulator, designed for VUV to
soft X-ray ARPES experiments on the I05 beamline of Diamond
Light Source. Beamlines of this kind are used for photoemission
spectroscopy experiments [8], where the coherence of the light is
not exploited. In the near future, however, the beamline will be
equipped with a Fresnel Zone Plate focusing optic whose proper-
ties can be modeled only with a good knowledge of the coherence.
This paper is organized as follows. In Section 2, we will recall the
theory with the same notation as used in [1]. In Section 4 we will
present the experimental setup and condition as described with
the theoretical notation, showing that the source is fully at the
diffraction limit in the vertical plane, but only near the diffraction
limit in the horizontal plane. In Section 5 we will show the ex-
perimental results, and compare them to both the theory of an
undulator SR from statistical optics as described in [1] and pre-
diction from the VCZ theorem. Finally, we will discuss the results
before closing on concluding remarks.2. SR coherence: theoretical background
As shown in [1], undulator SR, its cross spectral density1 and
associated spectral degree of coherence, in a general case, areunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1 The cross spectral density is given by the cross correlation of the power
spectrum of two given signals.
2 Sinus Cardinal is the function x x xsinc sin /( ) = ( ) ( ).
3 The cross spectral density measured at two overlapping points is simply the
Fourier transform of the auto correlation, in other words, the power spectrum or
intensity at the observation point and at the observed frequency.
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pressions as given in [1] in their normalized units.
The cross spectral density, in normalized units is given by (Eq.
38 of [1])
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with G being the cross spectral density, c the speed of light;
K eH m c/w e 2λ= ¯ω the undulator deﬂection parameter, with e being
the electron charge and me the electron mass, Hw is the undulator
magnetic ﬁeld, and λ¯ω the undulator period; c2 /ω π λ= is the radial
frequency of the SR ﬁeld at which the cross spectral density is
observed, and λ its associated wavelength; A J Jjj 0 1ξ ξ= ( ) − ( ), with
Ji being the modiﬁed Bessel function at order i and with the ar-
gument K K/ 4 22 2ξ = ( + ).
G^ is given by (Eq. 43 of [1] in which we have also introduced
the integration over the energy distribution)
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which describes the normalized distance z to the undulator length,
Eq. (3a); the normalized photon energy difference with respect to
the undulator photon energy resonance, rω ω( − ), Eq. (3b); the
undulator length Lw and number of undulator periods Nw; the
particle transverse position with respect to the propagation axis z,
Eq. (3d), and normalized angular momentum, Eq. (3e); the ob-
servation normalized position, Eq. (3f) and angle, Eq. (3g).
The last two equations introduce normalized variables which
will be used later: the normalized difference and mean observa-
tion angles, Eqs. (3h) and (3i) respectively, between the two ob-
servation points at which G^ is evaluated.
So as described in [1], the normalized cross spectral density is
evaluated by means of an integration over the bunch phase-space
distribution in position, angle and energy given by the function f⊥
(position and angle) and f
Eξ^ (energy). Assuming phase-space dis-
tributions to be Gaussian and decoupled, which is a reasonable
approximation for 3rd generation synchrotron light sources such
as Diamond, they can be expressed in terms of dimensionless
parameters as follows:
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with N4E wσ π σ^ = ϵ, and σϵ the relative beam energy spread; and
with the beam spatial and momentum distributions:
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and x y,σ being the transverse beam size at the center of the un-
dulator, and x y,σ ′ ′ its divergence in the horizontal and vertical axis
respectively.
The universal function CΨ is deﬁned by Eq. 26 of [1]
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For z a ¢ 1^ ̂ª Eq. (8) turns to be a Sinus Cardinal2 (Eq. 29 [1]).
The function G^ can be used to evaluate the spectral degree of
coherence g as follows:
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In a balanced Young interferometer, the visibility of the fringe,
V, is directly related to g| |, and when intensity is not equal on both
apertures, then g| | is given by
g
I I
I I
V
2
,
10
1 2
1 2
| | = +
( )
where Ii is the ﬁeld intensity each of the 2 apertures.Fig. 1. Theoretical prediction for the spectral degree of coherence for I05 beamline.
Top: the spectral degree of coherence is symmetrical and calculated in horizontal
plane for values of xθ¯ and xθΔ , and for 0yθ¯ = and 0yθΔ = . The yellow plain line
shows the intensity of the beam proﬁle in the horizontal plane. Cuts along the
dashed lines are plotted on the bottom graph. (For interpretation of the references
to color in this ﬁgure caption, the reader is referred to the web version of this
paper.)3. Numerical model for the coherence of the I05 beamline
In order to evaluate and predict the fringe visibility observed in
a Young interferometer in our experimental condition, we have
ﬁrst developed a code (in Matlab) which calculates the expression
g as a function of the input experimental parameters. For this code,
we have assumed Gaussian distribution for the electron beam
phase-space. The code is general and can be used to calculate g for
any beam and undulator parameters. However, for the case of the
I05 undulator of Diamond, which is diffraction limited in the
vertical plane, further simpliﬁcation of the code has been made to
speed up the calculation. As a ﬁrst step, we assumed N a 1y ̂ª¡ and
D a 1y ̂ª¡ , so the source is at the diffraction limit in the vertical plane,
and thus we can further develop Eq. (2), as the Gaussian dis-
tribution will be like a δ Dirac functional for the integration. As
seen in Table 1, this is indeed a valid approximation. In addition,
with the double change of variable, namely, xη η θ^ → ^ − ¯ and
l z/x ϕ η^ → ^ − ^ leads to an expression where the integral in η^ has an
analytic expression; ﬁnally, we calculate G^ in the far ﬁeld and
assume z a ¢ 1^ ̂ª thus sincCΨ → to end up with the expression for the
cross spectral density of an undulator SR near to the diffraction
limit:
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Diamond electron beam and I05 undulator parameters, associated with their di-
mensionless values.
sx ( pmμ ) 182 Nx^ 2.06
sy ( pmμ ) 6 Ny^ 3 10
3× −
xσ′ ( radμ ) 14.2 Dx^ 0.31
yσ′ ( radμ ) 1.1 Dy^ 3 10
3
λ (nm) 20 – –
Nw 35 – –
Lw (m) 5 – –
σϵ (%) 0.12 Eσ^ 0.65and also x yx yθ θ θ
⎯^→⎯
= ^ + ^ ; x and y unit vectors of the axis
coordinates.
With the help of Eqs. (11) and (9), we can evaluate g for the
case of the I05 undulator and Diamond electron beam. The result
is presented in Fig. 1. The parameters are given in Table 1.
From inspection of Eq. (11), several observations can be made.
First of all, the dependency in xθ¯ is very weak as it appears as a
second order offset in the Gaussian term of the ϕ integration. The
main parameter appears to be xθΔ . So the spectral degree of co-
herence is expected to be mainly driven by xθΔ . Considering the
vertical plane, yθ¯ and yθΔ appears as offset terms in the integral in
ϕ^ of the sinc functions. Again, as yθ¯ and yθΔ remain small offsets
for experimental cases, they do not inﬂuence signiﬁcantly the
cross spectral density. Finally, in the vertical plane, after setting
0xθ¯ = and 0xθΔ = , the numerical calculation of the spectral degree
of coherence appears to be 1 across a large range of values of yθ¯
and yθΔ . However, this requires a more detailed study, both the-
oretical and experimental.
For our experiment, we need to evaluate the angular distribu-
tion of g at the slits after the mirror - monochromator assembly.
For that, we can make use of the Fourier optics and its properties.
The function G^ as a function of angular distribution in the far ﬁeld
( z inf2^ = ) behind the mirrors and monochromator assembly is
given by Eq. (12), assuming no limiting aperture in the horizontal
plane, which is effectively the case for our setups:
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where s is the distance source-focal plane, zF is the focal plane
position, and f is the focal length of the optical assembly.4. Experimental setup
The Young interferometer was setup on the I05 beamline of
Diamond Light Source, and is positioned in a free propagation
space, 6 m after the image plane of the monochromator assembly.
A schematic of the beamline in the horizontal plane is shown in
Fig. 2. The source plane shown on the left is imaged through the
Fig. 2. Schematics of the I05 beamline in the horizontal plane.
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the Young interferometer are positioned after the image plane; the
object and image focal planes, Fo and Fi respectively are also re-
presented for the horizontal focusing axis; also shown are the
Plane Grating Monochromator (PGM) and the vertical toroidal
focusing mirror.
The Young interferometer is composed of vertical and hor-
izontal slits, combined with vertical and horizontal V-shaped
apertures, all adjustable with remote controlled linear stages. This
makes two pinholes, either horizontally or vertically separated and
fully adjustable in position and distance between the centers of
the pinholes. The assembly is positioned 6 m after the image plane
of the optical assembly. After the pinholes, a scintillator screen is
at 3.8 m, and a camera images the screen. Parameters of the
beamline optics are summarized in Table 2.
4.1. Undulator source
The electron beam in the Diamond storage ring is well char-
acterized [9–11], in particular the beam for user operation. The
studies performed on the beam and the routine operation show a
beta-beat along the closed orbit of the electrons which is a percent
range. Moreover, the routine operation for the users includes
feedback correction for the stabilisation of orbit to better than one
micron, and further stabilisation of the tune and the emittance.
This stability of the beam is obtained by matching the real physical
lattice with the model, and resulting in an accurate knowledge of
the beam characteristics at any point in the orbit, which are the
emittance, the vertical emittance, the Twiss parameters and in
particular the betatron function, and the energy spread of the
beam. As a result, the beam size at any point in the circular orbit is
known and stable within less than a few percent range. So for the
beam size at the minimum value of the betatron function in the
center of the I05 undulator, the electron beam size is well known
and given in Table 1.
4.2. Performance of the beamline optics
The conservation of the coherence along the beamline isTable 2
Beamline optics parameters in the horizontal plane.
Focal length (m) 7.52
M1 Position (m) 26.16
PGM position (m) 29.21
M2 Position (m) 31.16
Image plane (m) 37.16ensured by large optics preventing any aperture but the one de-
ﬁned by the X-ray beam itself, and also tight tolerance in the X-ray
optics manufacturing so that the wave-front is not distorted. Par-
ticular care has been taken to ensure the tolerances of the mirrors
are matched, with factory acceptance test and further measure-
ments at the Diamond metrology lab. In addition to the matching
mirror assembly performance, no speckle is observed in the ima-
ges of the X-ray beam after the mirror and monochromator as-
sembly. This observation ensures that the coherence must be
preserved by the beamline elements.5. Experimental results
A typical image from the Young interferometer is shown in
Fig. 3. Each image is analyzed to retrieve the visibility of the fringe,
but also, as a cross check, the experimental parameters, such as
the pinholes apertures, and the distance between the pinholes.
The analysis is performed by means of a non-linear ﬁt algorithm
on maximum center of the interferogram, which turns out to be
also the center of vertical intensity distribution. The ﬁtting func-
tion is the classical function given by the two apertures
interferogram.
In addition, the intensity of each pinholes is measured on
images taken with one of the two pinholes masked, and also
checked with the image analysis with the two pinholes.
By moving the vertical or horizontal V-shaped aperture in the
horizontal or vertical direction respectively, the distance between
the two pinholes, and thus θΔ , is adjusted around a mean position,
θ¯ from the center of the beam.
A preliminary analysis of images from a scan over a range in the
phase space of the three parameters xθ¯ , yθ¯ and xθΔ can be seen in
Fig. 4. For each of the xθ¯ , yθ¯ and xθΔ values, the horizontal spatial
Fourier spectrum is plotted in the horizontal axis of the image.
This horizontal spatial Fourier spectrum is obtained by selecting
the central axis of the 2D Fourier transformation of the inter-
ferogram images shown in Fig. 3. Fig. 4 illustrates how the inter-
ferogram varies as a function of xθΔ , but remains almost un-
changed for any values xθ¯ or yθ¯ . This is in agreement with what is
expected from Eq. (11).
Measurement results in the horizontal plane are shown in Fig.
5. The experimental parameters are given in Tables 1 and 2. The
measurement is made on axis, varying only the angle ofFig. 3. Typical Young interferometer image with horizontal pinholes. The hor-
izontal slit aperture is 0.1 mm. The V-shaped slit aperture is also 0.1 mm, and the
angle between the two branches of the V is 60°. As a result the two pinhole
aperture are two symmetrical losanges.
Fig. 4. Fourier transform of the Young interferograms (left), following a sequence
in which yθ¯ is set, then xθ¯ , and then xθΔ through preset values (graph on the right).
Each horizontal line in the image shows the Fourier transform in log-scale of an
interferpogram corresponding to the angular parameters of the slits positions, as
shown on the left graph.
Fig. 5. Experimental results for the measurement in the horizontal plane. The
wavelength is close to the undulator resonant wavelength ( 20 nmλ = ). The mean
observation angle is 0x y,θ¯ = , and the angle θ of the bottom axis represents the
angle θΔ of the slits separation.
C. Thomas et al. / Optics Communications 359 (2016) 171–176 175observation of the pinholes. The data result is compared with the
prediction from Eqs. (9), (11) and (12). The agreement appears to
be strong. We also plot prediction for the spectral degree of co-
herence given by the VCZ theorem, based on the r.m.s. beam size
in the center of the undulator (see Table 1). In this case, the
agreement is poor, and an almost match can be obtained by in-
creasing artiﬁcially the beam size by a factor of 1.6. This leads some
experimental scientists to conclude that either the beam size must
be larger than predicted, or that the coherence is partially de-
graded by their optics. We believe that both conclusions might be
simply incorrect, and that the use of the VCZ theorem in such a
case is also incorrect. Indeed, the coherent properties of the X-ray
beam are well preserved by a much larger aperture than the X-ray
beam aperture and control of the mirrors and grating surface
manufacturing quality. For the hypothesis of a beam size larger
than predicted, simply the matching factor of 1.6 to get agreement
between measurement and VCZ theorem prediction is too far
compared to the accuracy at which the beam size is know.6. Concluding remarks
In this paper, we have investigated the coherence of the syn-
chrotron radiation from linear polarised undulators and for the
case of a source near to the diffraction limit. The measurement
performed showed a very good agreement with prediction from
the theory of synchrotron radiation re-written by Geloni et al. [1].
Doing this we validate the theory for the investigated case, i.e. for
near diffraction limited SR sources. Further investigation has to be
made to explore cases of a SR source at the diffraction limit in the
vertical plane, but far from the diffraction limit in the horizontal
plane, yet for a non-homogeneous source. This can be achieved by
using the higher harmonics of the I05 undulator. However, the
current experimental setup did not permit reliable measurement
at higher spatial frequencies. Another experimental setup would
have to be developed for such a measurement.
The measurement also allowed a comparison to the VCZ the-
orem. It appears clearly that the VCZ theorem is not appropriate
for the prediction of the spectral degree of coherence of SR sources
near to the diffraction limit. This has been well described theore-
tically in [1], but remained until now to be proven experimentally.
Further investigations are needed to clarify the domain of ap-
plicability of the VCZ theorem for SR sources. One domain has
been clariﬁed here. Fully diffraction limited SR source needs to be
investigated, so as the intermediate case with SR source far from
the diffraction limited case but not quasi-homogeneous, i.e.
N 1x y,
^ ≥ and D 1x y,^ ≥ .
Finally, we have measured the spectral degree of coherence in
the horizontal polarisation axis of the I05 undulator of Diamond.
This is a ﬁrst step in the investigation of the spectral degree of
coherence, in order to predict the focusing performance of the last
optical element of the beamline, i.e. a Fresnel Zone Plate (FZP). This
ﬁrst step nevertheless allows us to predict the horizontal size at
the sample stage for a perfect lens and for a perfect FZP. Our next
steps will be measurement in the vertical plane, and to develop
numerical code for the investigation of FZP performance. This
should take into consideration the spectral degree of coherence for
a more accurate prediction of the beam size at sample stage, but
also the tolerance for the manufacturing of FZP.Acknowledgments
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